A novel, selective and sensitive switch-on fluorescent sensor for Hg 21 and switch-off fluorescent probe for biothiols was developed by using [Ru(bpy) , cysteine (Cys) and glutathione (GSH) to be 2.34 nM, 6.20 nM and 4.60 nM, respectively.
is one of the most toxic heavy metals. Even at low concentration, it is a threat to the human health and environment due to its ability of accumulation in ecological system 1 . Mercury poisoning induces a wide variety of serious human diseases, including brain damage 2 , kidney failure, and various cognition and motion disorders 3 . Therefore, the interest in developing rapid, specific, and cost-effective tools to detect Hg 21 is steadily growing. Much effort has been made to develop the Hg 21 sensors, including electrochemical sensors 4, 5 , colorimetric sensors 6, 7 , and fluorimetric sensors [8] [9] [10] [11] [12] [13] [14] . Among them, functional nucleic acid sensors have recently received considerable attention, based on the fact that thymine base pairs can selectively capture Hg 21 to form THg 21 -T base pairs 15 . However, Most of the existing fluorescent probes rely on label fluorophores and some of them require expensive labeling procedures. Furthermore, some of them are signal-off sensors, which can be troubled by false positives.
Biological thiols such as cysteine (Cys), homocysteine (Hcy), and glutathione (GSH) play essential roles in human physiology 16 . Abnormal levels of biothiols are connected with many diseases 17, 18 . It's of great interest to develop efficient methods for detection and quantification of biothiols. Up to date, lots of strategies such as liquid chromatography 19 , capillary electrophoresis 20 , voltammetry 21 and flow injection 22 , have been designed to detect biothiols. However, these methods generally require expensive instrument and tedious preparation protocols that limit the scope of their application. In the past few years, optical assays based on synthetic colorimetric and fluorescent probes have received increasing attention due to the simplicity, sensitivity and efficiency 23 .
In this paper, we propose a turn on and label-free fluorescent probe for Hg 21 with high sensitivity and selectivity. The simple sensing platform for Hg 21 detection is based on a T-rich ss-DNA and the fluorescence resonance energy transfer (FRET) between graphene oxide (GO) and the Ruthenium complex, [Ru(bpy) 2 21 can be adsorbed on the surface of GO to form a charge-transfer complex (GO-Ru) via p-p interactions and electrostatic interactions, and fluorescence of [Ru(bpy) 2 (pip)] 21 can thus be quenched by GO. The GO surface can also adsorb another component, i.e., T-rich ss-DNA, via p-p stacking, whenever T-rich ss-DNA is introduced into the probe system. In presence of Hg 21 in solution, T-rich ss-DNA will coordinate with Hg 21 through thymine base (T) due to its higher affinity to Hg 21 , be detached from the GO surface. Two T-rich ss-DNAs will be coupled via T-Hg 21 -T base pairs to give ds-DNA. Subsequently, [Ru(bpy) 2 21 , Hg 21 and GO has thus been introduced.
Results
GO was synthesized from graphite powder based on the Hummer's method 24 . The TEM images of GO (a) and GO-Ru hybrid (b) were given in Fig. S2 . It was noted that the GO surface was rough with a significant number of wrinkles. Howerer, the surface of GO-Ru hybrid became more smooth, due to homogeneous adsorption of [Ru(bpy) 2 (pip)] 21 on the surface of GO. The UV/Vis spectra of [Ru(bpy) 2 (pip)] 21 , GO and GO-Ru hybrid were shown in Fig. S3 . The absorption peaks of both Ru-complex and GO were slightly broadened and red shifted (Dl 5 3 , 10 nm), during the binding process of [Ru(bpy) 2 (pip)] 21 on GO surface to give GO-Ru hybrid. This is indicative of strong p-p stacking, hydrogen bonding and electrostatic interactions between GO and Ru-complex. Forthermore, the Raman spectra (Fig. S4 ) and FTIR spectra (Fig. S5 ) also provided direct evidences for the interaction between Ru complex and GO, and all these data were in good agreement with literatures [25] [26] [27] . The fluorescence intensity of [Ru(bpy) 2 (pip)] 21 (2.0 mM) decreased rapidly when GO was added into the solution (Fig. S6  A) . The fluorescence of the [Ru(bpy) 2 (pip)] 21 was quenched almost completely by GO, due to the strong interaction between [Ru(bpy) 2 (pip)] 21 and GO, and the quenching efficiency was estimated to be 85% when the concentration of GO was 5.0 mg/mL. Hence, in this paper, [Ru(bpy) 2 (pip)] 21 was accordingly used as the signal-reporter, and its final concentrations were kept to be 2.0 mM, while a final concentration of GO as the quencher was 5.0 mg/mL. It was noticed that the quenching efficiency of GO became a little lower, with the presence of T-rich ss-DNA in [Ru(bpy) 2 
(pip)]
21 solution (Fig. S6 B) , indicating a slight interaction between [Ru(bpy) 2 (pip)] 21 and T-rich ss-DNA, although this interaction was much weaker than that between [Ru(bpy) 2 (pip)] 21 and GO. Certainly this interaction may have impact on the detection, however, it can be deducted by background calibration.
For a successful design of Hg 21 assay, an optimal selection of Trich ss-DNA is pivotal. In this work, three oligonucleotides, with different base sequence and length (from short to longer), were firstly selected and tested. to be in the series G . A . C . T in aqueous medium 28 . Therefore, as a compromise for efficiency, selectivity, even as well as cost, T 21 was finally selected by us for constructing fluorescent probe for Hg 21 . To clarify the different interactions that may exist within the detection system, a systematic investigation was carried out, as shown in Fig. S9 . The fluorescence intensity of [Ru(bpy) 2 Fig. 3D , it was noticed that the fluorescent probe (P1) designed by us had excellent selectivity for Hg 21 (6.0 mM), over other metal ions even at a much higher concentration (10.0 mM). An anti-jamming capability testing 10 for the fluorescent probe (P1) was also conducted. In Fig. S10 , the results indicated again that the designed sensor had excellent anti-jamming capability and outstanding selectivity.
It is worth noting that the GO-Ru-T 21 fluorescent probe (P1) can be expediently combined with mercury ion (Hg 21 , at a constant concentration) to give another sensor system, GO-Ru-T 21 /Hg 21 fluorescent probe (P2) to detect biothiols. Interestingly it brings another important application for us, based on a competition mechanism previously described 30, 31 . Cysteine (Cys) or Glutathione (GSH) can effectively sequester Hg 21 by the formation of the strong S-Hg 21 bond. Therefore, this probe can be functioned as a fluorescence switch-off probe for biothiols such as Cys and GSH. 
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To maximize the efficiency of the detection system, we firstly incubated the T 21 with Hg 21 for 30 mins to ensure the full formation of the T-Hg 21 -T ds-DNA, then GO-Ru hybrid was added and incubated for 30 mins again, prior to addition of Cys. With Cys concentration increasing, a gradual decrease in the fluorescence intensity at 605 nm was observed, with a linear relationship (R 2 5 0.99) in the range from 0.0-5.0 mM, as shown in Fig. 4A , B and C. The limit of detection for Cys was calculated to be 6.20 nM (based on 3 s/slope).
Furthermore, the GO-Ru-T 21 /Hg 21 sensor system (P2) could also be applied to the detection of GSH under the same experimental conditions. With GSH concentration increasing, a gradual decrease in the fluorescence intensity at 605 nm was observed, with a linear relationship (R 2 5 0.99) in the range from 0.0-5.0 mM, and a limit of detection of 4.60 nM (Fig. S11) . Generally the sensor system displayed the same response to Cys or GSH, because either Cys or GSH molecule contains one thiol group. However, it was interestingly to find that the sensor system could discriminate glutathione (GSH) in different oxidation states. As shown in Fig. S12 , with the presence of oxidized Glutathione (GSSG), the fluorescence decrease could hardly observed. A possible explanation for this phenomenon should be that the disulfide bond in GSSG couldn't provide donor atom for the coordination with Hg 21 .
To clarify the response mechanism of the sensor system, we carried out an experiment, to test whether the fluorescence change was caused by the direct interaction of Cys/GSH with [Ru(bpy) 2 To investigate the detection platform's selectivity for biothiols, the fluorescence responses to the other common amino acids (Ala, Asn, Asp, Arg, Gln, Glu, Gly, His, Lle, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, Val) were also recorded, at the amino acid concentration of 100 mM, 10 times higher than the detecting target -biothiol. In Fig. 4D , It was clearly observed that no significant fluorescence decrease appeared with the addition of other common amino acids, except for Cys and/or GSH. An anti-jamming capability testing for the fluorescent probe (P2) was also carried out. In Fig. S14 , the results indicated that the designed sensor had excellent selectivity, as well as a satisfied anti-jamming capability for detection of Cys/GSH against other common amino acids. Discussion Graphene oxide (GO), with aromatic domains and carboxyl groups, is a remarkable nanomaterial for sensing applications 32 . The interesting and important example is that GO can differentiate various DNA structures such as ss-DNA, ds-DNA and stem-loops. Even though both ss-DNA and GO are negatively charged, ss-DNA can still be adsorbed on the surface of GO in buffers containing a high concentration of salt to screen electrostatic repulsion 33 . The attractive forces between DNA and GO include p2p stacking, hydrophobic interaction, hydrogen bonding, and van der Waals forces 34 . Compared to ss-DNA, the affinity between ds-DNA/quadruplexes and GO is much weaker [35] [36] [37] . Adsorbed ss-DNA can be desorbed by adding its complementary DNA (cDNA) or some other targets to form a duplex/G-quadruplexes 35, 36, 38 . On the other hand, GO can be used as a good quencher, since fluorophores adsorbed on GO are effectively quenched by electron transfer or energy transfer 25 . These interesting properties of GO have been exploited to develop a highly sensitive fluorescent sensor 39, 40 .
[Ru(bpy) 2 (pip)] 21 (bpy 5 2,29-bipyridine; pip 5 2-phenylimidazo[4,5-f] [1, 10] phenanthroline) has prominent DNA-binding properties for DNA [41] [42] [43] [44] . It is ideally suitable for application as sensitive non-covalent probes for physical properties of DNA. Compared with conventional organic dyes, [Ru(bpy) 2 (pip)] 21 possesses a variety of advantages, such as large Stokes shifts, coordinatively saturated, abundant optical properties, and inert to substitution. Furthermore, owing to its p-electron-rich framework and positive charge, [Ru(bpy) 2 (pip)] 21 could interact with GO by p-p interactions, hydrogen bonding and electrostatic interactions 27, 45, 46 . The tapping mode AFM image of the GO indicated that the average thickness of GO sheets is ,1.1 nm (Fig. S1, above) , and the average size of GO is above 500 nm (Fig. S1) . However, the mean thickness of Ru-GO hybrid was determined to be ,1.4 nm (Fig. S1, below) . The significant increase in thickness of Ru-GO hybrid probably resulted from the covering of [Ru(bpy) 2 (pip)] 21 molecules on the surface of GO sheet via p-p interactions. This data might provided a direct proof that [Ru(bpy) 2 (pip)] 21 could been adsorbed on the surface of GO.
In summary, in this paper, we have successfully integrated the versatile functions of Graphene oxide (GO), with the distinct features of ruthenium complex [Ru(bpy) 2 (pip)] 21 and T-rich ss-DNA, to develop a label-free, selective detection strategy for Hg 21 and biothiols. The turn-on fluorescent sensor for Hg 21 is based on the competitive binding of [Ru(bpy) 2 (pip)] 21 with GO, or with ds-DNA. The ds-DNA is only given with the presence of Hg 21 , by coupling Trich ss-DNA via T-Hg 21 -T base pairs. Thus this turn-on step can be applied to sensing mercury ion. Subsequently, this sensor system can also be utilized to detect biothiols (Cys or GSH). The higher affinity of the sulfur atoms of biothiols to Hg 21 can induce ds-DNA formed by T-Hg 21 -T based pair unwinding to give ss-DNA. Then [Ru(bpy) 2 
(pip)]
21 is released from ds-DNA, and adsorbed again on the surface of GO, leading to the quenching of [Ru(bpy) 2 (pip)] 21 fluorescence. The assay exhibited high selectivity and sensitivity, with the limits of detection for Hg 21 , cysteine (Cys) and glutathione (GSH) to be 2.34 nM, 6.20 nM and 4.60 nM, respectively. We expect that this strategy may offer a new approach for developing low cost and sensitive sensors in biological and environmental applications.
Methods
Preparation of GO. GO was synthesized from graphite powder based on the Hummer's method 24 . Graphite powder of spectrographic grade was purchased from Sinopharm Chemical Reagent Co. Ltd. (China). . [Ru(bpy) 2 (pip)] 21 was synthesized by the literature routes 41 .
Preparation of GO-Ru hybrid. 5.0 mL GO solution (100.0 mg/mL) and 1.0 mL Ru(bpy) 2 (pip)] 21 solution (200.0 mM) were mixed in a 15.0 mL plastic centrifuge tube, and diluted with 4.0 mL ultrapure water. Then the solution was sonicated at 20uC for 20 minutes in order to fully mixed and dispersed, to get GO-Ru hybrid. The final concentrations of [Ru(bpy) 2 (pip)] 21 and GO were 20.0 mM and 50.0 mg/mL, respectively.
Preparation of DNA. Three purified T-rich oligonucleotides (T 10 (59-GGGT-TTTT-TTTT-TCCC-39); T 21 (59-TTTT TTTT TTTT TTTT TTTT T-39); T 30 (59-TTTT TTTT TTTT TTTT TTTT TTTT TTTT TT -39) ) were obtained from Sangon Biotechnology Co., Ltd (Shanghai, China). The stock solutions of oligonucleotides were prepared in 10 mM Tris-HCl buffer (pH 5 7.0). The DNA solutions were heated at 90uC for 6 minutes to dissociate any intermolecular interaction, and gradually cooled to room temperature (25uC). Then, the DNA solutions were stored at 4uC before use. The stock solutions were diluted by Tris-HCl buffer (10 mM, pH 7.0) to required concentration pier to use. Lambda Bio 40 UV-vis Spectrophotometer (Perkin-Elmer, USA) was used to quantify the oligonucleotides, with the extinction coefficients (e/M 21 cm 21 , at 260 nm) for each nucleotide: G 5 11500, C 5 7400, T 5 8700.
Fluorescence response curve of Hg .0, and 10.0 mM, respectively) was mixed and diluted with buffer (10 mM Tris-HCl buffer, pH 5 7.0) to a final volume of 900 mL, in a 1.5 mL plastic centrifuge tube, and incubated for 30 minutes to ensure full formation of the T-Hg 21 -T ds-DNA. Then 100 mL GO-Ru hybrid was added and incubated for another 30 minutes. The fluorescence spectra were recorded at room temperature on an F-7000 fluorescence spectrophotometer (Hitachi) with a quartz cell (1 cm). The excitation and emission wavelengths were 455 nm and 605 nm, respectively. Both excitation slit width and emission slit width were 10 nm. 
